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a b s t r a c t

Gene expression analysis is essential for understanding the rich repertoire of cellular functions. With the
development of sensitive molecular tools such as single-cell RNA sequencing, extensive gene expression
data can be obtained and analyzed from various tissues. Single-molecule fluorescence in situ hybridi-
zation (smFISH) has emerged as a powerful complementary tool for single-cell genomics studies because
of its ability to map and quantify the spatial distributions of single mRNAs at the subcellular level in their
native tissue. Here, we present a detailed method to study the copy numbers and spatial localizations of
single mRNAs in the cochlea and inferior colliculus. First, we demonstrate that smFISH can be performed
successfully in adult cochlear tissue after decalcification. Second, we show that the smFISH signals can be
detected with high specificity. Third, we adapt an automated transcript analysis pipeline to quantify and
identify single mRNAs in a cell-specific manner. Lastly, we show that our method can be used to study
possible correlations between transcriptional and translational activities of single genes. Thus, we have
developed a detailed smFISH protocol that can be used to study the expression of single mRNAs in
specific cell types of the peripheral and central auditory systems.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Quantitative analysis of gene expression is a fundamental
approach in studying cell functions and discovering biomarkers for
various diseases. Spatiotemporal expression of mRNA molecules is
commonly heterogeneous among different cells within the same
tissue. Such variation in expression leads to differences in biological
functions, both normal and pathological (Fox et al., 1995; Cao et al.,
2017). Therefore, quantification of these individual mRNAs within
single cells can be key to discovering their functions as well as their
associations with diseases (Raj et al., 2008; Tsanov et al., 2016). In
situ hybridization (ISH) is a technique that can determine where
and when genes are expressed in specific cells and tissues. The
principle behind ISH is that a labeled segment of DNA or RNA (a
ir cell; ISH, in situ hybridiza-
iral ganglion neuron; smFISH,

ter, Department of Neurobi-
sity, Rootstown, OH, 44242.
probe) hybridizes or binds with a complementary strand of DNA or
RNA in a tissue sample (the target molecule). However, one prob-
lem with traditional ISH is that the precise locations of the target
molecules cannot be determined. This is because the probe requires
the use of an enzyme to catalyze chromogenic or fluorogenic re-
actions, and the products of these reactions can diffuse away from
the target molecules. Fluorescence ISH (FISH) circumvents this
problem by employing a probe directly linked with a fluorophore
(Femino et al., 1998). The most recent FISH development is single-
molecule FISH (smFISH), an emerging technique used to achieve
quantitative visualization and localization of single mRNA tran-
scripts within individual cells (Raj et al., 2008; Trcek et al., 2012;
Hansen and van Oudenaarden, 2013; Kwon, 2013; Cabili et al.,
2015; Stapel et al., 2016; Tsanov et al., 2016; Querido et al., 2017).
This method has been tested in the developing auditory system, but
signal detection has not been optimized for quantification
(Pawlosky, 2014).

Here, we present a detailed smFISH method in tandem with
immunohistochemistry for analysis of gene expression within
single cells of the auditory system. We demonstrate the success of
this method by focusing on well-established cell types, such as
spiral ganglion neurons (SGNs), inner and outer hair cells (IHCs and
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OHCs) of the cochlea, and neurons positive for g-aminobutyric acid
(GABA) in the inferior colliculus (IC). In addition, we modify an
analysis pipeline for automated transcript detection and manual
cell segmentation. To illustrate the power of our method, we
combine smFISH method with immunohistochemistry to study the
expression levels, subcellular localizations, and transcriptional and
translational correlations of single mRNAs within individual cells of
the auditory system.

2. Materials and methods

2.1. Probes

Probes for T-type calcium channels Cacna1h [Cav3.2, Cat. No.
459751-C3, Advanced Cell Diagnostics (ACD), USA] and Cacna1i
(Cav3.3, Cat. No. 459781, ACD, USA), as well as Neuregulin-1 (Nrg1,
Cat No. 422961-C3, ACD, USA), Myosin VI (Myo6, Cat. No. 313381,
ACD, USA), glutamate decarboxylase 1 (Gad1, Cat. No. 400951, ACD,
USA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Cat.
No. 314091, ACD, USA) and a blank negative control (Cat. No.
300041, ACD, USA) were obtained from ACD, Newark, California.
The technique we selected for our experiments, the RNAscope
Multiplex Fluorescent Assay, achieves simultaneous single mRNA
visualization in a sample with heightened specific signal amplifi-
cation and minimal background noise (Wang et al., 2012). This is
mainly due to the use of short Z-shaped oligonucleotide comple-
mentary DNA probes that selectively hybridize to the target mRNA
in pairs (ZZ) with subsequent amplification steps that intensify the
target-specific signals. Each of the target probes contains a region
18 to 25 bases in length that complements the target mRNA. In
addition, there is a spacer sequence and a tail sequence 14 bases
long. When a pair of target probes hybridizes contiguously to a
target sequence, a 28-base hybridization site is formed for the
preamplifier. The preamplifier contains 20 binding sites for the
amplifiers, and each amplifier contains 20 binding sites for the
fluorophores. Unlike previous smFISH probe designs, the ZZ design
only allows the preamplifier to bind when both target probes bind
simultaneously to the target mRNA, which ultimately reduces
nonspecific hybridization and increases the validity of the signals
(Pawlosky, 2014). The RNAscope probes are optimized specifically
for the RNA targets as opposed to genomic DNA. Finally, the probes
are screened against all validated reference sequence RNAs (e.g.,
non-coding RNA, long non-coding RNA, and ribosomal RNA) during
design feasibility. Detailed information about the probe sequences
can be obtained by signing a nondisclosure agreement provided by
the manufacturer.

2.2. Sample preparation

Animal procedures were performed at the Northeast Ohio
Medical University in accordance with the guidelines of its Insti-
tutional Care and Use Committee (IACUC). The sample preparation
protocol was as follows:

1. Adult mice at 8 to 10 weeks of age were anesthetized with an
intraperitoneal injection of ketamine (100mg/kg) and xylazine
(10mg/kg) and were transcardially perfused (highly recom-
mended) with diethyl pyrocarbonate (DEPC)etreated
phosphate-buffered saline (PBS) and 4% paraformaldehyde
(PFA) in 0.1M phosphate buffer.

2. Tissue samples from cochleae (perforated at the apex) and the IC
were harvested and kept in a 4% paraformaldehyde solution
(DEPC-treated) overnight on a shaker at 4 �C.
3. Samples were washed with PBS, and cochleae were decalcified
in 0.35M ethylenediaminetetraacetic acid (EDTA) for 5 days on a
shaker at 4 �C and washed with PBS.

4. Samples were sequentially dehydrated in 10%, 20%, and 30%
sucrose solutions at 4 �C for 1 hr, 2 hrs, and overnight,
respectively.

5. Samples were transferred into optimal cutting temperature
(OCT) compound and kept there for a minimum of 1 hr at 4 �C,
and then snap frozen using a dry iceeethanol mixture.

6. Samples were cryosectioned to a thickness of 12 mm, and the
cryosections were placed onto Superfrost slides, which were
stored at �80 �C until further use.
2.3. smFISH protocol

To detect different single mRNAs in the same ISH process, each
target probe was labeled in a different color channel. In the RNA-
scope Multiplex Fluorescent Assay, a Channel 1 (C1) probe was
always present in the mixed probe solution to provide the target
probe dilution buffer (Table 1). A blank C1 probe was used if only a
C2 or C3 probe was needed in the experiments. The detailed
smFISH protocol that we performed is described here:

1. Plastic slide mailers (Cat. No. 01253-MB, SPI Supplies, USA)
were autoclaved.

2. Cryosectioned slides of cochlear or IC tissue were taken out
of a �80 �C freezer and immersed in pre-chilled 4% PFA for
15min at 4 �C.

3. Slides were dehydrated through the following series at room
temperature (RT), 5min/step: (a) 50% ethanol; (b) 70%
ethanol; (c) 100% ethanol; (d) 100% ethanol; and (e) dried for
1e2min.

4. Tissue sections were traced 2e4 times with an ImmEdge
Hydrophobic Barrier Pen (Cat. No. H-4000, Vector Labora-
tories, USA), and the traces were dried for 1e2min at RT.

5. One drop of protease 4 (Cat. No. 320842, ACD, USA) was
added to each section, and slides were incubated at RT for
30min.

6. Probes were warmed to 40 �C in an incubation oven for
10min.

7. C1, C2, and C3 probes were combined in a tube at a respective
volume ratio of 50:1:1 to create the probe master mix, which
was mixed by inversion several times.

8. Slides were tapped to remove excess liquid, washed 5 times
in PBS, and then fully immersed in PBS for 1min. This step
was repeated once.

9. The probe master mix (30 ml) was added to cover each sec-
tion. Slides were incubated at 40 �C for 2 hrs.

10. The RNAscope Wash Buffer (50�, Cat. No. 310091, ACD, USA)
was warmed to 40 �C for 20min and diluted with distilled
DEPC-treated water to prepare the 1 � wash buffer.

11. Slides werewashed 5 times in 1�wash buffer and then fully
immersed in 1 � wash buffer for 1min.

12. For the detection of four different mRNAs at the same time,
the AMP 1-FL, AMP 2-FL, AMP 3-FL (Cat. No. 320851, ACD,
USA) and AMP 4 Alt A-FL (Cat. No. 320855, ACD, USA) solu-
tions werewarmed to RT. One drop of each amplifier solution
(AMP 1-FL, AMP 2-FL, AMP 3-FL, and AMP 4) was added to
cover each section, and the sectionwas incubated at 40 �C for
30min, 15min, 30min, and 15min, respectively. Step 11 was
repeated after each incubation.

13. Slides were washed 5 times in PBS.



Table 1
Properties of the fluorescent amplifiers. Color module options of amplifiers available in RNAscope Assay kit (Advanced Cell Diagnostics, USA). These three choices allow
researchers to match the desired colors for each mRNA transcript with their respective channels.

Color module option

Probe Channel ID Alt A-FL Alt B-FL Alt C-FL Required Pre-treatment

C1 Alexa 488 nm Atto 550 Atto 550 None
C2 Atto 550 nm Alexa 488 Atto 647 C1 probe
C3 Atto 647 nm Atto 647 Alexa 488 C1 probe
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14. Hoechst solution (1:1000, ThermoFisher, USA) was added to
each section for nuclear staining, and slides were then
incubated for 15 s at RT.

15. The samples were washed with PBS 3 times for 3min each,
after which the immunostaining protocol was started
immediately.
2.4. Immunocytochemistry

The antibodies used in this study were Alexa Fluor 488 anti-b-III
tubulin (TUJ1, 1:300, Cat. No. 801203, BioLegend, USA), anti-
peripherin (1:200, Cat. No. ab4666, Abcam, USA), anti Cav3.2
(1:200, Cat. No. 75e095, UC Davis, USA), Na,K-ATPase (1:100, Cat.
No. MA3-915, Invitrogen, USA), and anti-myosin VI (1:200, Cat. No.
25e6791, Proteus Biosciences, USA).

The immunostaining method is described as follows:

1. Slides were covered with 10% blocking solution for 10min at RT.
2. Slides were incubated with primary antibody overnight at 4 �C.
3. Samples were washed with PBS 3 times for 5min each.
4. Slides were incubated with secondary antibody for 2 h at RT.
5. Slides were washed with PBS 3 times for 5min each.
6. Slides were mounted in Fluoromount-G (SouthernBiotech, USA)

and sealed under a coverslip (Fisher Scientific, Cat. No. 12-548-
5M).
2.5. Confocal imaging

Confocal imaging was conducted with a Leica SP8 laser scanning
confocal microscope (Leica, Wetzlar, Germany) equipped with an
HC PL APO CS2 40�/1.30 Oil CS2 objective (Leica, Wetzlar, Ger-
many). Ninety to 120 imaging planes were obtained in the stream
acquisition mode, with a sensor resolution of 1024� 1024 pixels, a
scan speed of 200Hz (resulting in a ~1.5 ms pixel dwell time per
scan), a digital zoom of 3.00, and a counting mode of the HyD de-
tector ranging from 400 to 600 nm. Single mRNA transcripts
appeared as punctate dots in distinct fluorescent channels. The
smFISH signals, along with signals from cells with nucleus staining
and immunohistochemistry, were viewed concurrently.

2.6. Image analysis

To quantify the number of transcripts within each identified cell,
we adopted the cell transcript analysis pipeline (Stapel et al., 2016),
which can be installed in ImageJ/Fiji at http://fiji.sc/MS-ECS-2D. In
preliminary studies, we were unable to identify any cell membrane
markers useful for outlining SGNs, which made it difficult to
directly apply the automated membrane segmentation pipeline.
Instead, a manual cell segmentation technique was used on the
borders of anti-b-III tubulin (TUJ1) to label the SGNs. Using the Cell
Annotation plugin, one blank white image was substituted for the
cell mask image, and this image was combined with an overlay of a
2D maximum-intensity projection of the TUJ1 staining of the cells.
Manual tracing of the borders of the TUJ1 staining was achieved by
the correction mode of the plugin. Single SGNs labeled by the TUJ1
staining were annotated green, whereas the non-SGN regions were
annotated black. The two-channel annotation output image, con-
taining cell labeling and cell annotation, was opened through the
Transcript Analysis plugin, as was the multichannel z-stack image
containing the transcript and nuclei channels. The Transcript
Analysis plugin performed automated segmentation of the nuclei in
2D via a difference of Gaussian (DOG) filter and watershed algo-
rithms on an internally generatedmaximum-intensity projection of
the nuclei channel in the z-stack. Using the transcript channels of
the original z-stack image, the Transcript Analysis plugin also
removed background signals via top-hat filtering, further removed
noise through a Gaussian kernel of standard deviation, and per-
formed automated segmentation of the transcripts in 3D by a
watershed process. A multichannel image highlighting the tran-
scripts, nuclei, and segmentation was then generated, and text files
enumerating transcript counts and densities specific to each cell
were obtained. The specific mask labels of each cell type were used
to eliminate non-SGN-localized transcripts from the overall cell-
specific transcript counts. To estimate the average transcript/cell
count of non-SGN supporting cells, the non-SGN transcript count
was divided by the total number of manually identified, distinct
non-SGN nuclei in the maximum-intensity projection. Our detailed
steps based on ImageJ/Fiji are described here:

1. All confocal images were converted to 8-bit and then to 16-
bit (Image / Type / 8-bit / Image / Type / 16-bit).
The original confocal images were in the RGB type format.
ImageJ only allows RGB images to be converted to the 8-bit
grayscale format, but the Transcript Analysis plugin is only
configured for 16-bit images. To circumvent this problem, the
8-bit grayscale image was converted to a 16-bit grayscale
image in a subsequent step.

2. The imaging channels for the Hoechst, smFISH probes, and
immunostaining were merged into a composite, multi-
channel z-stack image, and the file was saved. Each image
was matched with the appropriate channel of the desired
color, ensuring that the first transcript type used was
assigned to the red channel (Image / Color / Merge).

3. To calibrate the multichannel z-stack image for accurate
measurements, the straight line tool was selected with the
image open. A line selection was made to match the distance
in pixels with the known distance of 25 mm from the image
key (Analyze / Set Scale).

4. A maximum-intensity projection of the cell marker (TUJ1)
image was generated, and the image was saved (Image /

Stacks / Z Project).
5. A blank white image was opened in Fiji, converted to 16-bit

(Image / Type / 16-bit), and scaled to the exact pixel di-
mensions of the maximum-intensity projection (Image /

Scale).
6. With both the maximum-intensity projection of the cell

marker and the blank white image opened in Fiji, the Cell

http://fiji.sc/MS-ECS-2D
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Annotation plugin was opened (Plugins/ Cell Transcript/
Cell Annotation).

7. Under the menu options, the maximum-intensity projection
of the cell marker was designated as the “Original” image,
and the blank white image was designated as the “Cell
Masks” image (Nuclei channel: 2, Membrane channel: 3).
This blank image substituted the output of the KNIME/
Pathfinder automated segmentation components of the
original pipeline.

8. The Annotation Control interface was opened by clicking
“OK,” which showed the blank image superimposed on the
TUJ1 stain maximum-intensity projection.

9. The Label Inspection mode was then changed to the
Correction mode, and the boundaries of the TUJ1 signals
were traced by dragging the mouse and simultaneously
holding down the left click.

10. Once the cell segmentation was complete, the Correction
modewas changed to the Cell Annotationmode, and the cells
Fig. 1. Overview of the RNAscope Multiplex Fluorescent Assay. (A) Diagram of smFISH for d
same time. One mRNA at multiple mRNA regions was targeted by different ZZ probes, which
under a confocal microscope. (B) The organ of Corti after Myo6 (red) and TUJ1 (green) immu
(green) and type II (pink) SGNs. (E) Negative smFISH control without the Cav3.2 probe.
were assigned to a specific cell or tissue type with a seg-
mentation mask.

11. Initially, all cells were assigned the default green label “DEL,”
and, depending on the experiment's purpose, individual cells
were either unchanged or annotated to other cell label types,
including “EVL,” “YSL,” “Margin,” or “Outside.” Annotation
was performed by clicking on an individual cell to match it
with the desired cell label in the dropdown menu.

12. Once the segmentation and annotation procedures were
complete, the “Relabel” option was selected, and then the
“GetMasks” optionwas chosen to generate the segmentation
mask, which was then exported to the Transcript Analysis
plugin.

13. The Cell Annotation plugin needed to be reset between two
subsequent utilizations if Fiji was not restarted after a single
use (Fiji toolbar / Click on double chevron symbol /

Remove custom tools / Restore startup tools).
etecting two different mRNA targets in two types of cells (SGNs, green; HCs, red) at the
, after the amplification step, would be detected as one positive dot for a single mRNA
nostaining. (C) Cav3.2 transcripts in IHCs and OHCs. (D) Cav3.2 expression in both type I
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14. With the multichannel z-stack image from Step 3 and the
segmentation mask generated in Step 12 open in Fiji, the
Transcript Analysis plugin was activated [Plugins / Cell
Transcript / Cell Transcript Analysis (1.0.7)].

15. The default nuclei and transcript segmentation parameters
were changed to standard values used for all our image
analyses.

16. If there was only one transcript channel, “1” was entered. If
there were multiple transcript channels, we entered the
number of the secondary channel (e.g., 3) after the first
transcript channel (e.g., 1, 3). The default transcript's typical
radius, which specifies an estimated average pixel distance
between a transcript's maximum of intensity and sur-
rounding background, was not changed. The spot minimum-
intensity value, which indicated the difference between the
typical transcript maximum of intensity and the surrounding
background, was given an arbitrary value of 12 for the first
run.

17. In our data analysis, all the transcripts detected within the
transcription foci of the nuclei were simply categorized as
nuclear transcripts. The default foci segmentation parame-
ters were not modified, although they could also be changed
according to user preference.

18. After clicking “OK” in the Transcript Analysis plugin interface,
the intensity-distribution graph was generated. The x-axis of
the graph was right-clicked, and the “Properties” option was
selected. Under the “Plot” tab, the values for the minimum
and maximum range values for the domain and range axes
were adjusted to visualize the tail of the second peak. This
second peak was determined to be the actual threshold spot
minimum-intensity value for the image, and the Transcript
Analysis plugin was run again with this value.

19. The text file outputs from the second run of the Transcript
Analysis plugin were imported into Excel for cell-specific
transcript analysis.
Fig. 2. Detection of Nrg1 mRNA in SGN terminals. (A) Nrg1 smFISH (red) co-
immunostained with (B) Na,K-ATPase antibody showing expression of Nrg1 mRNA
on SGN terminals innervating an inner hair cell.
2.7. Correlation between transcriptional and translational levels for
each gene

To investigate the correlation between gene transcriptional and
translational activities, based on the published expression variation
of T-type calcium channels along the cochlea (Chen et al., 2011), we
quantified Cav3.2 transcripts of 20 randomly selected SGNs at either
apical or basal cochlear regions and calculated the ratio of the
transcripts (apex/base) within the same cochlea. The mRNA count
ratio was then compared to the Cav3.2 luminance ratio (apex/base)
obtained with cochlear immunostaining.

Based on previous studies (Flores-Otero et al., 2007; Lv et al.,
2012), two ImageJ-based approaches were used for luminance
measurements. First, whole-cell quantification of immunohisto-
chemistry luminance was performed by using the freehand tool in
ImageJ to create irregularly shaped selections around the SGN
boundaries of the anti-Cav3.2 antibody signals in maximum-
intensity projections (McCloy et al., 2014). A mean gray value was
then generated for each cell to obtain a measure of signal intensity
in the cell soma. The average of four background measurements
immediately outside of the cell soma was subtracted from the
initial soma measurement to obtain the corrected mean gray value
(Flores-Otero et al., 2007). In the second approach, three lines were
randomly drawn across the boundaries of anti-Cav3.2 antibody
signals so that each line crossed the signal boundaries twice (Lv
et al., 2012). We measured three lines across the boundaries of
the antibody signals to increase the accuracy of our line-based
measurements. The plot profile function was used to display two-
dimensional graphs of the intensities of the pixels along each of
the lines within the image. Following correction for background
artefacts, the mean of the six highest-intensity peak values for each
signal type was calculated. The mean of four background mea-
surements immediately outside of each cell's soma was then sub-
tracted from themean of the six highest-intensity peak values. Four
background measurements were made for each cell as our pre-
liminary data showed that decreases in the variance of the back-
ground gray values were minimal after at least four background
measurements were made.

3. Results

The principle of the smFISH method is illustrated with a sche-
matic representation showing Z-shaped DNA probes that selec-
tively hybridize to the target mRNA in ZZ pairs (Fig. 1A). Two
different mRNAs are expressed in the SGNs and hair cells and were
detected by two DNA probes in the red and green channels,
respectively. DNA probes tiled along the length of an mRNA
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molecule after the amplification step make the mRNA visible and
identifiable by one fluorescent positive dot under the confocal
microscope. We have combined this technique with immunohis-
tochemistry, which enables us to identify specific gene expression
in different cell types, such as IHCs, OHCs, and SGNs (Fig.1BeE). The
selected sample gene, Cav3.2, encodes a T-type calcium channel,
which is found to be expressed in IHCs and in both type I SGNs and
type II SGNs, which are identified by antibodies for peripherin.

Local gene expression in nerve endings has been studied
extensively, and studies clearly show that dispatched mRNAs can
be translated locally at nerve endings (Crispino et al., 2014). Within
the cochlea, Nrg1 is specifically expressed in SGNs (Morley, 1998;
Stankovic et al., 2004) and plays an important role in synaptic
plasticity (Bao et al., 2004). Thus, we examined potential expression
of Nrg1 in SGN terminals. Nrg1 transcripts were clearly detected by
smFISH in SGN terminals innervating an IHC (Fig. 2), suggesting
that smFISH can be used to study gene expression in nerve termi-
nals in addition to cell somas.

The specificity of smFISH probes in the cochlea was further
confirmed by Nrg1 and Myosin 6 (Myo6) probes. Myo6 encodes a
motor protein of the actin cytoskeleton and is highly expressed in
Fig. 3. Probe specificity in the cochlea. (A) The organ of Corti with Myo6 (red) and TUJ1 (g
on OHCs and IHCs (pointed by arrows). (C) Myo6 smFISH from Panel B at higher magnifica
ganglion. Two white arrows point to two SGNs with high Nrg1 expression.
cochlear hair cells (Hasson et al., 1997). Mid-modiolar sections of
the cochlea were cut and smFISH experiments with Nrg1 andMyo6
probes were performed. Nrg1-probe-exposed samples were also
immunostained with TUJ1, whereas Myo6-probe-exposed samples
were immunostained with an antibody against Myo6. The imaging
patterns of the smFISH and the immunohistochemistry were then
compared in the same sections (Fig. 3). As predicted, Myo6-probe
signals were highly co-localized with immunostaining signals for
Myo6 in both hair cell types (Fig. 3B and C), and positive Myo6
smFISH signals were also observed in the limbus and spiral gan-
glion areas. These positive signals in nonehair cells were likely
specific for two reasons: (1) Myo6 is also known to be expressed in
cell types other than hair cells, such as retinal pigment epithelial
cells (Schubert et al., 2015), and, as a minus-end-directed motor, its
encoded protein plays a vital role in the enrichment of proteins on
the surface of axons (Lewis et al., 2011); (2) cell-type-specific
probes, such as the probes for Nrg1 and Gad1, were found to be
positive only in specific cell types (Fig. 4E and Fig. 5B). For instance,
Nrg1 transcripts were co-localized with TUJ1-stained SGNs
(Fig. 3D).

To quantify individual RNAs within specific cell types, we
reen) immunostaining, and nucleus staining (blue). (B) Myo6 smFISH (red) with a focus
tion. (D) TUJ1 and Hoechst DNA labeling in spiral ganglion. (E) Nrg1 smFISH in spiral



Fig. 4. Transcript quantification with manual 2D segmentation. (A, B) Cav3.2 and GAPDH smFISH in mouse spiral ganglion, respectively. (C) TUJ1 immunolabeling in the same
mouse spiral ganglion. (D) Overlay of A, B, and C panels. (E) Manual segmentation of individual SGNs based on TUJ1 immunostaining. All of the possible annotation colors are used
to randomly identify SGNs in this image, except for the black background color, which is used to denote the non-SGN regions. (F) Combined cell and nuclear segmentation, merged
with nucleus labeling. (G) Distribution of all Cav3.2 transcripts within nuclei and cytoplasms of all SGNs and non-SGN cells in z-stack. (H) Transcript counts per cell of Cav3.2 and
GAPDH in nucleus and cytoplasm (mean of a total of 20 SGNs).

Fig. 5. Detection of mRNA transcripts in IC central nucleus. (A) A merged image of Hoechst immunolabeling, Gad1 and Cav 3.3 smFISH showing IC. (B) Image from the red dashed
box of Panel A with smFISH signals for Gad1 (green) and Cav 3.3 (red). (C) Image from the white dashed box of Panel B with smFISH signals for Gad1 (green) and Cav3.3 (red); based
on the nucleus staining, two GABA-positive neurons adjacent to each other were selected here to demonstrate smFISH signals. (D) Negative IC controls without either Gad1 or Cav3.3
probes.
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modified the protocol for the published Transcript Analysis pipeline
(Stapel et al., 2016), and the outcomes of our combined manual
segmentation of the TUJ1-stained SGNs and automated quantifi-
cation of individual mRNA transcripts are presented here (Fig. 4).
Following quantification of the transcripts for each gene within the
same cell, a Cav3.2/GAPDH ratio was calculated and used to compare
expression data among different samples. Thus, this method allows
us to quantify single mRNAs and make comparisons among
different samples using target/housekeeping transcript ratios.

To detect mRNA transcripts in single neurons of the central
auditory system, we applied Gad1 and Cav3.3 probes to the IC
sections, focusing specifically on the central nucleus (Fig. 5A).
Abundant expression of Gad1 and a relatively lower level of Cav3.3
expression were demonstrated in two GABA neurons (Fig. 5B and
C).

Finally, the correlation between Cav3.2 transcriptional and
translational levels was tested in the apical and basal SGNs of the
cochlea by smFISH and immunohistochemistry. Based on previous
studies (Flores-Otero et al., 2007; Chen et al., 2011; Lv et al., 2012),
protein expression was analyzed using two independent tech-
niques (Fig. 6B and C). The results of the whole-cell quantification
showed that the Cav3.2 protein was expressed 1.52-fold higher at
the apical turn than at the base (Fig. 7). The same trend of
expression was observed using the plot profile method, by which
the apex/base ratio was 1.4. The smFISH results showed a similar
trend with an apex/base ratio of 2.36 while also suggesting a higher



Fig. 6. Quantitative outcomes of the same gene by smFISH and immunohistochemistry. (A) Merged TUJ1-immunostained image (green) and Cav3.2 (red), and Cav3.2 mRNA
transcripts (cyan). (B) Whole-cell quantification method for Cav3.2 immunostaining luminance. (C) Plot-profile quantification method for Cav3.2 immunostaining luminance.

Fig. 7. Correlation between smFISH and immune-quantification for Cav3.2 gene
expression. Apex/base ratios of the whole-cell and plot-profile-derived immuno-
staining intensities, and smFISH mRNA quantification consistently showing a higher
expression for Cav3.2 gene at the apical turn of the cochlea.
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level of transcriptional expression of Cav3.2 compared to its trans-
lational expression level.

4. Discussion

Even though real-time quantitative PCR (RT-qPCR) is a sensitive
quantitative technique that measures RNA transcript expression, it
cannot provide spatial information regarding gene expression. ISH-
based analysis methods complement RT-qPCR by providing spatial
information about how expression levels change in specific tissues.
However, traditional ISH methods fail to localize signals to single
cells and cannot provide precise quantitative data. FISH-based
techniques offer higher resolution and enable us to visualize sub-
cellular localization of RNAs (Urbanek et al., 2015). Whole-mount
fluorescence in situ hybridization (wmFISH) experiments have
been performed in murine cochleae; however, the limitation of
wmFISH is that it generates significant amounts of non-specific
background noise, which could be due to the decalcification step
in the sample preparation (Judice et al., 2002). Through enhanced
sensitivity and probe penetration, the more recently developed
smFISHmethods show great potential in detecting single mRNAs in
individual cells (Femino et al., 1998; Raj et al., 2008). Here, we
present a detailed smFISH protocol to provide quantitative and
spatial information on single mRNA transcripts within individual
cells of the auditory system.

Although smFISH is still under rapid improvement (Chen et al.,
2015; Yang et al., 2017), we tested whether this technique could be
modified to study gene expression in the auditory system, partic-
ularly within the cochlea. Our method is derived from a well-
established smFISH technique, the RNAscope Assay (Wang et al.,
2012). One potential limitation of this assay is that a target mRNA
needs to be more than 300 bases in length and needs to bind to a
minimum of 6 Z-pairs to obtain a detectable signal. However, a new
technique called the BaseScope Assay (Advanced Cell Diagnostics,
USA) has recently been developed to detect mRNA target sequences
that are between 50 and 300 bases in length, and requires only 1e4
Z-pairs to bind to the target mRNA. Given the established multiplex
detection method, the BaseScope Assay could allow us to simulta-
neously assess the expression of multiple isoforms of one gene in
individual cells and normalize the variants to a pan-isoform probe
to report overall transcript levels. In addition, due to the limited
specific and unique sequences of exon variants, the RNAscope
technique may have targeted exons present in both precursor
mRNA (pre-mRNA) andmature, or processed, mRNA. Therefore, it is
unknownwhether the smFISH signals detected in the nuclei of each
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cell are pre-mRNAs or processed mRNAs. Since the standard RNA-
scope probe design is based on cDNA sequences rather than
genomic DNA, the RNAscope probes may produce optimal detec-
tion of mature mRNA as opposed to pre-mRNA. It is important to
note that this uncertainty is only regarding the smFISH signals
found in the cell nucleus, as only mature mRNAs are found in the
cell cytoplasm. Our quantification ultimately differentiated be-
tween smFISH signals from the nucleus and the cytoplasmwithin a
single cell. In addition, there are two minor technical issues. In
some cases, smFISH signals cannot be clearly associated with in-
dividual cells. In this study, wewere unable to apply the automated
membrane segmentation pipeline developed by Stapel et al. (2016)
because we were not able to find an antibody that could clearly
delineate the membranes of individual SGNs. However, this issue
can be resolved with the development of new antibodies against
the SGN cellular membrane. Currently, the cell boundaries of hair
cells can be delineated by using the PIP2 antibody (Hirono et al.,
2004). Another technical limitation of our smFISH technique was
its inability to distinguish between detection of RNA aggregates
(foci) generated from a transcription site within the nuclei and
detection of RNA aggregates resulting from the expansion of
nucleotide repeats. Recent applications of ultra-high-resolution
microscopy have shown promising results to overcome this issue
(Sahl and Moerner, 2013; Huang et al., 2009).

5. Summary and conclusions

Here, we successfully implemented smFISH for detection and
quantification of single mRNA molecules in the cochlea and IC.
Using a combined smFISH-immunohistochemistry method, we
obtained high-quality information regarding copy number, sub-
cellular localization, transcriptional states, and the abundance of
multiple mRNAs in the peripheral and central auditory systems.
The modified smFISH method has been described with detailed
steps for easy practice and replication. We herein provide a rapid
procedure that can be adopted by any research laboratory to study
gene expression in the auditory system.
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